Studies were conducted to determine whether rainbow trout fingerlings possess the ability to synthesize arginine via the urea cycle. Several urea cycle enzymes were detected in trout tissues. An experiment was conducted to determine whether the enzymes increase in response to starvation or in response to dietary pro tein level (0, 30, 40, 50% protein). Although some effects were observed, they did not appear to be consistent with the function of the urea cycle as a mechanism of detoxify ing ammonia in the fish. The activities of kidney arginase and liver and muscle carbamoyl phosphate synthetase (CPS) were higher (P < 0.05) when protein was omit ted from the diet (P < 0.05) than when it was present but were unaffected by protein level otherwise. The activities of liver arginase and kidney and muscle CPS and ornithine transcarbamoylase (OTC) were higher (P < 0.05) in starved fish than in fish that received adequate levels of protein. Liver CPS and OTC were lower in starved fish than in fish fed 30% protein. L-[l-14C]ornithine hydrochloride and L-[carfoamot//-MC]citrulline, injected intraperitoneally, were incorporated into tissue arginine, a finding consistent with arginine biosynthesis via the urea cycle When onehalf of dietary arginine was replaced by equimolar amounts of glutamic acid, ornithine or citrulline, glutamic acid markedly reduced growth (P < 0.05), whereas growth was depressed only slightly by ornithine (P < 0.05) and not depressed by citrulline (P > 0.05). We conclude that trout have a urea cyle that provides for potential arginine biosynthesis.
Published estimates of the arginine re-ginine requirement with trout reared in a quirement of rainbow trout vary markedly, saline environment compared with those in Requirement values range from 2.5 to 6 g freshwater. However, none of these factors per 100 g protein (1) (2) (3) (4) . Although different appears to account for the large variation in methods were used to determine require-reported arginine requirements, ment levels and may have contributed to
The presence of a full complement of the some of the variation, the range of reported urea cycle enzymes in teleost fishes (6) sugrequirements is large enough to warrant gests a potential for arginine biosynthesis, further investigation.
In a separate study, we have observed level of feed intake and dietary electrolyte lft,Jpunê "TV"^''TT I^""f H
Because of low levels of some urea cycle en zymes and the excretion of ammonia as a major form of nitrogen, the hypothesis (7) that the urea cycle has been deleted during the evolution of teleosts is widely accepted. However, the possible function of this cycle in arginine biosynthesis has not been inves tigated. If the urea cycle is functional, even to a limited extent, conditions that may alter the activities of enzymes of the cycle may change the rate of arginine synthesis and consequently, the amount of arginine required to support maximum growth. The purpose of this study is to investigate whether, in rainbow trout fingerlings, the urea cycle is functional and results in the bi osynthesis of arginine
METHODS
Rainbow trout fingerlings used in all three experiments were from the domesti cated stock maintained at the United States Fish and Wildlife Service's Tunison Labora tory of Fish Nutrition, Cortland, New York. In experiments 1 and 3, the fish were reared in 7-L Plexiglas hatchery jars supplied with aerated 8.3Â°Cwell water at a flow rate of 1.5 L/min. The fish were first allowed to ac climate in these jars for 1 wk before the start of the experiments.
Experiment 1. Effect of dietary protein and starvation on the urea cycle enzymes.
The diets used in this experiment were for mulated to contain 0, 30, 40 and 50 % pro tein. Table 1 shows the composition of the diets, which were made isocaloric at 3.5 kcal/g by replacing protein with carbohy drate and fat. The energy values assigned to these components of the diet for the purpose of adjusting dietary energy were: 3.9 kcal/g protein, 8 .0 kcal/g fat 3.1 kcal/g dextrin (8) . Each diet was fed to 30 fish, having an aver age initial weight of 23.5 g. Feeds were ad ministered five times a day between 0800 and 1600 at a level determined by the method of Buterbaugh and Willoughby (9), using a hatchery constant of 8.0. The amount fed was determined on the basis of body weight, determined by group weighings, at biweekly intervals, of fish receiving each diet.
After 6 wk, the fish were sampled for chemical analyses of whole fish and for ac tivities of the urea cycle enzymes in liver, kidney and muscle. The chemical analyses were done on freeze-dried fish according to AOAC methods (10) ., Arlington Heights, IL) to 14C-labeled argi nine was investigated. These precursors of ar ginine were dissolved in 0.154 M NaCl so that 100 L contained 1 Ci. One curie was in jected intraperitoneally into each fish, using two replicate fish for each treatment. The fish, weighing about 24 g, were maintained individually in 2-L plastic containers, which were placed in 120-L Plexiglas chambers. Air was continuously drawn by vacuum pump from the Plexiglas chambers through ethanolamine:methylcellosolve (1:2 by volume) CO2 traps at a flow rate of 0.5 L/min. Twelve hours later, the fish were killed by electro cution. After the fish were removed, the water was acidified to pH 1, and CO2 was collected for an additional hour. The fish were weighed, lyophilized and homogenized. Samples from each homogenate were hydro-mined by the method of Buterbaugh and lyzed by heating for 20 h in 6 N HC1 at Willoughby (9) using a hatchery constant of 125Â°C.After hydrolysis, HC1 was removed 8.5. The fish were weighed every 2 wk, and and the sample concentrated by flash evapo-adjustments were made in feeding level. Afration. An aliquot was analyzed for the ter 10 wk, growth and efficiency of feed conpresence of [MC] arginine. Arginine was iso-version was determined, and blood was samlated using the Technicon TSM amino acid pled for plasma free-arginine determinations, analyzer (Technicon Instruments Corp., Tar-using the method described by ChiÃ¹ et al. rytown, NY) by collecting the eluate contain- (12) . ing arginine with the aid of a fraction
The composition for the basal diet is shown collector. Eluate fractions not containing in table 1. This diet was found to support other amino acids were used as blanks. The maximum growth in earlier experiments (5) . percentage of the label found in the arginine The glutamic acid, ornithine and citrulline eluate was calculated.
diets contained either L-glutamic acid-HCl, Statistical analysis. All data were subwere administered five times a day between jected to analysis of variance using the 0800 and 1600. The feeding level was deter-general linear model procedure of Statistical Analysis System (SAS Institute Inc., Gary, NC).
RESULTS

Experiment 1.
The fish consumed all the feeds given regardless of dietary protein level. The growth and nutrient status of fish subjected to the five treatments are shown in table 2. Since all fish from each treatment were weighed as a group, no variance could be determined. The starved fish and the fish fed the protein-free diet lost weight. With 30, 40 and 50 % dietary protein, the percen tage weight gains were not dramatically different, ranging from 47.4% to 58.2% af ter 4 wk. Increasing dietary protein concen tration from 30 to 50% and starvation resulted in increased protein concentration in the liver (P < 0.05) but not in the muscle and kidney. The protein concentration of the livers of fish fed 0% protein was not different from that of fish fed 30% or 40% protein. However, net protein accumulation was lower because the livers were markedly smaller than the livers from all of the other protein treatments. Similarly, the livers of starved fish were also smaller. Starved fish and fish fed 0 % protein had a significantly higher ash content (P < 0.05) than fish fed diets containing protein.
The effects of the five treatments on liver and kidney arginase are presented in table 3. Some differences that were evident when activities were expressed per gram liver were not evident when expressed as total liver ac tivity or activity per gram of fish. Arginase activity was markedly higher (P < 0.01) in liver of starved fish than in fed fish; however, arginase activity in kidney was un affected by starvation (P > 0.05). Starva tion increased liver arginase activity but reduced kidney arginase activity when ex pressed on the basis of body weight. Liver arginase activity (micromoles per gram liver per hour) tended to increase when dietary protein was increased or omitted (P < 0.05). Kidney arginase activity was higher (P < 0.05) in fish fed the protein-free diet than in any other dietary treatments. Increasing dietary levels of protein from 30 to 50 % did not affect kidney arginase activity (P > 0.05).
Liver, kidney and muscle activities of carbamoyl-phosphate synthetase (GPS) are presented in table 4. As in other assays, crude tissue extracts were used, and an at tempt to detect differences in activities with ammonium or glutamine as the substrate, with and without IV-acetyl-glutamate re vealed that no differences due to these sub stances could be detected with crude ex tracts. As with liver arginase, there were differences in liver GPS when expressed as activity per unit weight of liver, but not when enzyme activities were expressed as total activity per gram of fish. In the starved fish, GPS activities tended to be lower in the liver and were higher in kidney and muscle (P < 0.05) than the activities of fish fed (table 1) was found by analysis to contain 2.5% of the crude protein as arginine. The diet that was supplemented with 1.22% arginine (Arg) provided an adequate level of arginine for young growing trout (table 7) . Replacement of the crystalline arginine with an equimolar level of glutamate (Glu) resulted in the poorest weight gain and efficiency of feed conversion to body mass. Replacement with ornithine (Orn) significantly (P < 0.05) im proved weight gains and efficiency of feed conversion but had no effect on plasma free arginine (F > 0.05) compared with gluta mate replacement; however, all three meas ured parameters were significantly lower than for trout fed adequate arginine (P < 0.05). Replacement with citrulline (Cit) resulted in weight gains and efficiency of feed conversion that were significantly higher than those of fish fed the Orn diet (P < 0.05) but not significantly different from those fed the Arg diet. Plasma free ar ginine concentration in fish fed the citrul line diet was about 29 % higher than that of fish fed the Glu diet, but significantly P < 0.05) less than that observed in fish fed the Arg diet. Plasma free-arginine concen tration in fish fed the Arg diet was more than twice the level found in fish fed the Glu diet. This was proportional to the ratio of arginine in the Arg and Glu diets.
DISCUSSION
Fishes have a limited ability to synthesize urea from ammonia. The excrete the bulk of their nitrogen waste in the form of am monia via the gills. After being fed, the sockeye salmon (Oncorhynchus nerica) ex hibited a transient increase in ammonia ex cretion while urea excretion remained cons tant during a 22-day period of starvation (13) . This would suggest that salmonids do not synthesize urea in response to protein 
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TABLE 6 Conversion of "C-labeled precursors into [>4C]-arginine (experiment 2)
Fishno.1 1% of radioactivity in the fish that was recovered in arginine 12 h after injection of 14C-labeled precursor.
catabolism. In contrast, Vellas and Serfaty (14) observed increased urea excretion by carp after prolonged starvation. Cvancara (15) reported that hepatic arginase activity was higher in carnivorous teleosts than in omnivorous and herbivorous species. These could reflect, however, an adaptation to high arginine intake or arginine catabolism rather than a function of the urea cycle in ammonia detoxification.
In ureotolic species, urinary urea excre tion and the activities of the five urea cycle enzymes increase under conditions that lead to protein breakdown, such as increased protein intake, starvation and corticosteroid administration (16) (17) (18) . However, when rats were fed arginine-deficient diets, GPS, OTC, argininosuccinate synthetase and argininosuccinate lysase activities increased while arginase activity did not. Schimke (18) sug gested that this observation is compatible with the role of arginase in the control of ar ginine biosynthesis for protein synthesis in microorganisms. The control of arginine bi osynthesis for either urea production or for protein synthesis is different (19) . Interorgan coordination of arginine biosynthesis has been demonstrated in rats. Conversion of citrulline to arginine is limited in the liver, and excess citrulline from the liver (20) and citrulline formed in the gut are transported via the bloodstream to the kidney for con version to arginine. It has been proposed that the kidney synthesizes considerably more arginine than the liver for use in pro tein synthesis (21) .
In the present study, total arginase ac tivity was higher, but GPS and OTC activi ties were lower in the livers of starved fishes than in those fed dietary protein. This is in contrast to the unchanged arginase activity per gram of kidney, lower kidney arginase activity per gram of fish and the higher CPS and OTC activities in the muscle and kid neys of starved fishes (table 3-5) than in those of fish fed dietary protein. These changes appear to follow the pattern of ac tivity of urea cycle enzymes of ureotelic spe cies when the cycle functions in arginine biosynthesis but not when it functions pri marily for ammonia detoxification (22) (23) (24) . It should be noted that, although Huggins and co-workers (6) detected all five urea cy cle enzymes in a wide range of teleost spe cies, their study and subsequent ones have been based on whole tissue extracts (25, 26) . Under such conditions, it is not possible to identify which form of hepatic CPS was be ing measured. CPS I requires JV-acetyl-Lglutamate (NAG) as a cofactor, uses only ammonia as the nitrogen-donating sub strate, is localized in liver mitochondria in ureotelic animals and has properties related to its function in ammonia detoxification via the urea cycle (27) . CPS II, a cytosolic enzyme that utilizes glutamine instead of ammonia as the physiologically significant nitrogen substrate, does not require NAG for catalytic activity and functions in relation to pyrimidine nucleotide biosynthesis in higher animals (28) . Another carbamoylphosphate synthetase, CPS III, which re quires glutamine as a substrate and NAG as a cofactor, is the major form in elasmobranchs. It is located in the mitochondria and is involved in incorporation of ammonia into citrulline (29) (30) (31) .
The synthesis of arginine from two 14C-labeled substrates or intermediates in the urea cycle pathway was investigated. MC was detected in arginine isolated from fish injected with [14C]ornithine and [14C]citrulline but not [14C]bicarbonate. The percen tage label in arginine does not quantify the rate of formation of arginine from these precursors. This is governed by the specific activity of each precursor at the sites of argi nine biosynthesis, and this information was not obtained. The results show that citrul line can be converted to arginine The amount of 14C-labeled arginine formed from L-[l-14C]ornithine was low, compris ing about 10% of the retained label. Incor poration of the label from ornithine into ar ginine would require carbamoyl-phosphate, which is derived from HCO3-, NH3 or glutamine and ATP by action of CPS. Some preliminary attempts to determine the in corporation of MC from NaH14CO3 into ar ginine, however, yielded negative results. This probably can be attributed to low retention of the label and dilution of the label by endogenous bicarbonate. Trout blood, for example, contains about 11 mM bicarbonate (12) in contrast to approxi mately 0.05 mM ornithine (32) . Due to the dilution by unlabeled bicarbonate, the in corporation of NaH14CO3 into arginine may have been below the limit of detection. In corporation of NaH14CO3 into urea has been detected in the free-living embryos of rain bow trout but not from oocytes, larvae and adult tissues (33) . Other ammoniotelic spe cies such as the earthworm (Lumbricus terrestris) have been shown to incorporate 14C-labeled bicarbonate, ornithine and citrul line into protein-bound arginine (20) .
The results from experiment 3 confirm the ability of the rainbow trout fingerlings to utilize ornithine and citrulline for argi nine formation. Animals differ in their abil ities to substitute dietary citrulline and or nithine for arginine Chicks are unable to utilize ornithine for arginine synthesis be cause of the absence of liver and kidney mitochondrial CPS (34) . In contrast, citrul line can be utilized (35) because of the presence of argininosuccinate synthetase and argininosuccinate lysase in the chick kidney (34, 36) . Equimolar citrulline was found to result in growth comparable to that obtained with arginine in the rat and kitten (37, 38) , while ornithine stimulated growth only to a small extent in the rat (37) and not at all in the kitten (38) . Ornithine did not support growth in the dog, while citrulline resulted in growth that was in ferior to that obtained with arginine (39) . Citrulline replacement of arginine in dogs and rainbow trout resulted in increased plasma arginine, whereas ornithine replace ment of arginine resulted in no significant increase in plasma free arginine Experi ments 2 and 3 demonstrate that citrulline serves as a precursor for arginine synthesis although the methods used in experiment 1 failed to detect the activities of argininosuc cinate synthetase and argininosuccinate This step does not appear to be limiting, since replacement of arginine with citrulline resulted in equivalent growth. The lower plasma arginine levels that resulted when citrulline replaced arginine could be at tributed to newly synthesized arginine being used for protein synthesis close to the site of arginine formation. Argininosuccinate synthetase and argininosuccinate lysase, like GPS and OTC, may be present in tissues other than liver. It is also possible that citrulline replacement was not 100 % but al lowed maximum growth because the amount of dietary arginine + citrulline (5.0% of protein) was above the 4.2% argi nine previously found to be required by trout fingerlings (5) .
The poorer growth of fish fed diets in which one-half of the arginine had been replaced by ornithine suggests that the con version of ornithine to citrulline may be limiting. This is supported by the low level of GPS activity detected in this study as well as the studies of Huggins and co-workers (6) . Definitive proof of the formation of carbamoyl phosphate has not yet been ob tained. Although hepatic OTC activity was also low in these studies, a survey of other tissues, particularly muscle, shows much higher activities, suggesting OTC may not be limiting. High activities of urea cycle en zymes have also been found in nonhepatic tissues such as the gut in invertebrates (40) .
Morris et al. (38) and Czarnecki and Baker (39) discussed a number of possible reasons for the poor utilization of dietary or nithine for arginine biosynthesis including: poor intestinal absorption, poor hepatic up take, limited capacity to synthesize citrul line and rapid catabolism. Ornithine may be compartmentalized as in Neurospora crossa, where 98% has been found in intracellular vesicles (41) . It could be used for other pathways, such as the synthesis of polyamines and proline, in which case less would be available for arginine synthesis. Karlin et al. (41) demonstrated that exogenously ad ministered ornithine is preferentially catabolized by ornithine aminotransferase. In ex periment 3, the possibility of ornithine promoting growth through pathways other than the formation of arginine cannot be ruled out.
The present studies show that certain dietary conditions may increase the activities of some urea cycle enzymes. Environmental conditions may also alter urea cycle enzyme activities. Olson and Fromm (42) observed that changes in ambient water ammonia con centrations can alter the rate of urea excre tion in goldfish. Water salinity has been ob served to decrease arginine requirements (2). Goldstein (43) reviewed studies in which water deprivation resulted in the switch from ammoniotelism to ureotelism in fish. He stated that the activities of urea cycle enzymes, are higher in the estivating African lungfish, Protepterus, than in the Australian lungfish, Neoceratodus, which never estivates; and that the freshwater elasmobranch (Ptomotrygon) is ammoniotelic, with lower levels of urea cy cle enzymes compared with marine elasmobranchs. The mudskipper (Periophthalmus sobrionus), a teleost which has adapted to the environment of the intertidal mangrove swamp, excretes 59.5% of the nitrogen as urea and the rest as ammonia in full strength seawater (34%). When acclimated to diluted seawater (13.6%), however, its urea excretion is reduced to 13.5% (44) . Whether or not water deprivation alters urea excretion and activities of enzymes of the urea cycle in other teleosts is not known.
The large differences in arginine require ment reported by various investigators may be due to several factors. The results in this study confirm the presence of a urea cycle in rainbow trout. Further studies are needed to determine whether net synthesis of arginine occurs via this pathway.
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